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Abstract 'Hie dielectric relaxation time and viscosity of two polar molecules viz ethyl acetate and n-butyl acetate in the mixture of paraffin oil 
(PO ) and benzene at different concentrations, have been used to measure the viscous losses at microwave frequencies 9.8 GHz. The visco-elastic 
icljxdtion of solute molecule has been used to calculate the real part of the viscosity (t)'), viscous loss (tj"), and coiresponding storage modulustG'), 
and loss modulus (fJ") at micrtiwave frequencies for both the molecules have been investigated The viscosity lost has also been calculated The great 
ihffcrcncc of total viscosity loss for dipolar relaxation process, is interpreted in terms of damped oscillatory motion of polar molecules in viscous 
incclmm and losses due to restoring force acting on polar molecules by surrounding flexible viscous solvent molecules. A hypothetical equauon has been 
pioposed to interpret the difference in the total viscosity loss for dipolar rotation It has been observed that the log r vs log t]' and log r vs log rj" 
plots deviates from linearity for higher concentration of PO. and benzene but the plots of n' and rj" were found to be linear
key>vords Dielectric relaxation, viscosity, viscous loss, storage modulus, loss modulus, microwave frequency
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R elaxation  p h e n o m e n o n  h as b e e n  w id e ly  u sed  to  stu d y  the  
m olecular m o tio n  in liq u id s . T h e  m ic r o w a v e  a b sorp tion  stu d ies  
have b een  e x te n s iv e ly  u sed  in u n d e rsta n d in g  the m e ch a n ism  o f  
dielectric re laxation  p r o c ess  w h en  p olar  m o le c u le s  in pure liquid  
state or in  d ilu te  so lu t io n s  o f  n o n -p o la r  so lv e n ts  are su b jected  
lo e le c tr o m a g n e t ic  f ie ld .  M a n y  w o r k e r s  [1 -1 6 ]  s tu d ie d  the  
dielectric re la x a tio n  p r o c e ss  in v o lv e d  in p o la r  m o le c u le s  but the  
studies o f  v is c o s ity  lo s s e s  at m ic r o w a v e  fr e q u e n c ie s  arc sca rce . 
Barlicr w o rk ers [4 -1 8 ]  tried  to  c o n e la t e  m a c r o sc o p ic  o b ser v e d  
v isc o s ity  (r?o) a n d  d ip o la r  r e la x a t io n  t im e  ( r )  o f  d ip o la r  
m o le c u le s . It h a s  b e e n  o b s e r v e d  b y  r e c e n t  o b s e r v a t io n s  
111,12,17,191 that lo g  r  v i l o g / ? ,  p lo ts  d e v ia te  from  lin earity  
but the c a u se  o f  d e v ia t io n  is  s t ill n o t k n o w n . R e c e n tly , w e  h a v e  
calculated th e  v isc o u s  lo s s e s  at m ic r o w a v e  freq u e n c ie s  for so m e  
rigid polar m o le c u le s  n a m ely  p yr id in e , q u in o lin e , b ro m o b en zen e  
and io d o b e n z e n e  in th e  so lu t io n  o f  b e n z e n e  and p araffin  o il  
[20]. It is  o b se r v e d  that th e  v is c o u s  lo s s  (?]" ) in c re a se s  w ith  
the in crease  o f  c o n c e n tia t io n  o f  P O  in the b e n z e n e . In the present 
''tudy, w e  sh a ll try to  in terp ret th e  d e c r e a se  o f  dr! drj s lo p e  in  
terms o f  v isc o u s  lo s s e s ,  p resen t at m ic r o w a v e  freq u e n c ie s . H ere, 
we h a v e  taken  th e  e th y l a c e ta te  an d  n -b u ty l a ceta te  as so lu te
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and d ifferen t co n c en tra tio n s  o f  P O  and b e n z e n e  as so lv e n ts  w ill  
b e  u sed  to  c a lc u la te  v isc o u s  lo s s e s  at m ic r o w a v e  fr eq u e n c ie s . 
T h e m ea su rem en t o f  t and r) o f  th e se  m o le c u le s  h a v e  b een  
reported  earlier  b y  o n e  o f  us 111J.
D u r in g  th e  r e f in in g  o f  c r u d e  o i l  at h ig h  te m p e r a tu r e , 
unsaturated h yd rocarbons p o ly m e r ize  and paraffin o il is ob ta in ed  
as th e  p rod u ct o f  p etro leu m . T h erefo re , th e  p rob lem  o f  pofar  
so lu te s  d is s o lv e d  in h ig h ly  v isc o u s  m ed iu m  su ch  a s p araffin  o il  
and b e n z e n e  is a n a lo g o u s  to  p o ly m e r  so lu tio n s  b e c a u se  p araffin  
o il is  a typ ica l m in era l o il .  It is m a in ly  m a d e  up o f  saturated  and  
unsaturated h yd rocarbons and not ester  /  g ly cer id e  [21]. P araffin  
o il c o n ta in s  n a p h lh a n ic  r in g s and th e  p araffin  part is  p resen t to  
a  la r g e  e x te n t  in  th e  fo r m  o f  s id e  c h a in . T h e s e  a r o m a tic  
c o m p o u n d s  p o ly m e r iz e  at h ig h er  tem p erature  w h ich  is  v ery  
e a s i ly  o b ta in ed  d u rin g  th e  p e tr o le u m  r e fin in g  p r o c e ss  w h en  
n ap hth an ic  r in g s c o m e  in c o n ta c t o f  th e  air [22-24], T h e r e fo r e , 
the th eo ry  o f  p o ly m e r s  a s d e sc r ib ed  in literature [25] can  b e  
u sed  to  a n a ly z e  th e  v is c o e la s t ic  b e h a v io r  o f  P .O . and b e n z e n e  
m ixtu re  in h ig h ly  v is c o u s  m ed iu m . T h e  po lar  m o le c u le s  w h en  
relax in h ig h ly  v is c o u s  m e d iu m , the s im p le  c la ss if ic a tio n  o f  so lid  
and liq u id  p h a se  breaks d o w n . T h e  m e d iu m  is  partia lly  so lid  and  
p artia lly  liq u id . T h e  str ess  e m p lo y e d  is  p rop ortion a l to  b oth  th e
©2003 lACS
682 Ram Nihor, S Misra and S K Saxena
strain and the rate of strain. Such a medium may be taken to 
interpret the viscoelastic properties o f solid and liquid phase. 
'Maxwell Element', can represent the behaviour o f viscoelastic 
medium, as described in literature [25]. The models consist of a 
spring S  and dash pot D  showing classical viscous behavior. 
represents the extension o f spring (X, = 77Gq where T  is the 
tension and Cq is elastic constant). represents the 
displacement o f dash pot dX2 1 dt = T  I t^ q. where tJq is viscous 
constant due to solid-liquid phase present in the viscous medium 
and the total extension
X  = X . - h X , . (1)
■^ 1 ~  ^0  ^ ^ (2)
Multiplying both sides by (C^) and substituting the 
value o f = 7] we get
T  = GqXq exp ( Cq/ / ^ 0 ) ■ ( 3 )
This shows that tension in the spring falls to zero with 
characteristic relaxation time ( r )  o f polar molecules (t = r|^^ ^ G q )- 
Now, suppose an alternating electromagnetic field is applied 
which varies sinusoidally with time
X  = Xq exp(jcot). In steady stale, X ^ =  Tl and X,= 
TV . substituting the value o f X, and X^ in eq. ( 1 ), it 
becomes
X  =  T { l lG o  +  l l j ( O T io ) . ( 4 )
\ I G *  = \ I G q + H  j w i i o  
and 1 / = j ( o l  G q + \ I
(5)
(6)
G* =  G' + jG" = GJon l\ + jon 
and Tf* = t]' -  JT}" = T]o / 1 + jan ,
(7)
(8)
where r]' is the real part o f viscosity and rj" the loss o f viscosity, 
t7o is the observed viscosity o f P.O. Such type o f viscoelastic 
relaxation behavior is also observed in polymers and complex 
viscosity ( tj*  ) is interpreted in terms of rj'>and r j" [26-28],
Multiplying the conjugate o f eq. (8 ) and separating it into 
real and imaginary parts
T ] '= 1 1 f ,n  +  { W T f  
and r\" = 770 w r / l  + (tyT)“ .
( 9 )
(10)
Suppose at a time t = 0,  X  is suddenly given the value X^. 
The immediate effect w ill be to produce a tension which w ill 
cause the dash pot D  to move at a rate controlled by tension T  
and depends on elastic constant (Gq) and viscosity o f the 
solvent ( 77o )■ The motion o f 'Maxwell element' is similar to the 
motion o f the pt^lar molecule which relax in viscous medium and 
depolarization takes place in quasi-solid-liquid phase. Elastic 
constant (Gq) and observed viscosity ( comes into play to 
control the motion of 'Maxwell Element' as well as the dielectric 
relaxation process involved. The ecjuation of motion of the spring 
is obtained after differentiating theeq. ( 1 ) and then integrating, 
we obtain
But eq. (9) is the Barlow and Lamb [8 ] relation (1959). Above 
equations are also valid for polymers and derived but Guillermo 
e t a l  using Green-Kubo formula [26-28].
Similarly the complex modulus of rigidity G* can be separated 
into real and imaginary parts
G' = GoCUT/ 1 +(CDT)" 
and G "  = G Q ( i ) h - / \ - h  (cor)
(11)
1^2)
where Gq = At microwave frequency, the viscosity
becomes a complex quantity represented by r f - r } ' - j r \ ' \  
where rj' is the real part o f viscosity or dynamic part of viscosity 
as suggested by Barlow and Lamb |8 |. It plays an important role 
in the dipolar rotation and follows Debye equation, rf" is the 
viscous losses of the medium and the rcsultanl viscosity 
microwave frequencies is given by
The total viscous loss is 
V L = V o - n M ^
(H)
(14)
The whole system can be analysed with the help of a complex 
clastic constant (G*) and complex viscosity (77 * )  at microwave 
frequencies
In term of relaxation time ( t ) equation (5) and (6 ) can be 
written as
where is the resultant viscosity at microwave frequencies, 
T/o IS experimental observed viscosity and 7/^  is the actual 
viscosity loss. The total viscous loss ( 77  ^ ) for dipolar rotation 
in polar solvent, which follows Debye equation, is calculated 
by the following equation
n ' i . = r ] o - r ] p ,  ( 1 5 )
where 77^ is the dynamic viscosity as reported earlier [ 1 1 ]. We 
interpret the difference in the viscosity loss from cqs. (14) and 
(15) by proposing a new equation for pt^lar molecules which 
executes damped oscillatory motion in the viscous medium ol 
P.O. and benzene mixture.
7]i^ + h d r l d r i ^ v r  =  T]Q
or b d r / d r i  + v z  = T]Q-T}M
or b d r / d 7] ^ v T  = rii^, (^ ^^
where b d r l d r f  is the damping force, v r  is the restoring force, 
6  is a parameter, r  is the dielectric relaxation time and, v is the
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restoring force per unit relaxation time which depends upon 
molecules o f rigidity (G).
The dielectric relaxation time ( t ) is calculated by Higasi et  
al's method for ethyl acetate and n-butyl acetate as described 
earlier f l l ] .  The observed v iscosity ( r ) ^ )  fo r d iffe rent 
concentrations o f paraffin o il is measured by viscometer. The 
viscosity i t ] ' )  and viscous loss ( r j" )  calculated from eqs. (9) 
and (10) together with viscosity at microwave frequencies ( ) ,  
viscosity loss dynamic viscosity and total viscosity 
loss are shown in Table 1. Similarly, storage modulus (G ') 
and loss modulus (G 'O for different concentration o f P.O. and 
benzene together with and elasticity modulus losses G^, G [ 
ai microwave frequencies are reported in Table 2. These results 
are also consistent with the studies on polar polymers [29, 30].
It has been assumed that the system follows the lim iting  
case o f single viscoelastic relaxation time ( r )  in highly viscous 
medium and viscoelastic relaxation time o f solvent is the same 
as that o f the solute. The calculated values o f viscosity (ry ') arc 
20.74-0,60 (mp), 20.40-0.63 (mp) and viscous loss ( ry") are 7.28-
0.10 (mp), 8.92-0.11 (mp) o f ethyl acetate and n-butyl acetate. 
The resultant microwave viscosity ( r ;^ )  calculated from eq.
(13) and values arc 21.52-0.61 (mp) and 22.26—0.63 (mp) and 
viscosity loss {rh^) \ s calculated fromeq. (14) are 1.78-0.01 (mp) 
and 2.04-0.02 (mp) and total viscosity loss (r]'^) for dipolar 
rotation which faollows Debye equation, is calculated fromeq.
(15) and arc 19.46-1.39 (mp), 18.57-0.30 (mp) for ethyl acetate 
and n-butyl acetate at different concentrations o f P.O. and 
benzene mixture. They are reported in Table 1. It is observed 
from this table that the real part of the viscosity ( ry') and viscous
nible 1. Relaxation lime, observed viscosity, viscosity at microwave frequencies, viscous losjscs in different dilution of P.O. and benzene.
Polar Concentration T % r
absorber (PS) (mp) (mp) (mp) (mp) (mp) (mp) Literature 
value! 11)
100% PO 5 7 23.30 20 74 7 28 21 52 1 78 19.46 3.84
Eihyl 90%P(). + 10%B[I] 5.4 7.00 6.30 2 09 6.64 0.36 4.70 2.30
Acetate
80%PO + 20% B 5 3 3.80 3 43 1 12 3 61 0.16 1.67 2.13
70%P.O + 30%B 5.1 2 40 2.18 0 69 2.28 0.12 1 39 1.01
100%B 2 7 0 62 0.60 0.10 0 61 0 01 ... ...
100% PO 7 1 24 30 20.40 8 92 22.26 2.04 18.57 5 73
ii-butyl 90%PO. + I0%B 6 8 9 00 7 66 3.21 8.31 0.69 4.30 4 70
Acetate
80%P.O. + 20%B 6 0 5 90 5 06 2.06 5 45 0.45 2.40 3.50
70%PO. + 30%B 6 1 2 50 2 19 0 82 2.34 0 16 0.30 2.20
100%B 2.8 0 65 0.63 0.11 0 63 0.02 ... ...
Tabic 2. Modulus of rigidity and rigidity losses at microwave frequencies in dilution of PO. and benzene.
Polar 6 'o x io " ’ G 'x;l0'“ C"xl0'® (7*1X10
.0 g 1.x  iC '' Gi  X 10‘“ GlxlO'® G " x l0 '“ Ci'xlO'®
Ab.sorber Concentration Dyne/cm^ Dyne/cm^ Dync/cm^ Dyne/cm^ Dyne/cm Dync/cm^ Dyne/cm^ Dyne/cm* Dyne/cm*
100% PO. 4 09 1.28 0.45 1.31 2.78 3.74 0.35 0.18 3.91
Ethyl 90%P.O + 10%B 1.30 0.34 0 13 0.36 0.94 1.10 0.20 0 08 1.22
Acetate
80%P.O +  20%B 0.72 0.21 0.07 0.22 0.50 0.56 0 16 0 06 0.66
70%PO. + 30%B 0.47 0.07 0.04 0 08 0.39 0.32 0,15 0.03 0.44
100%B 0.22 0 03 0.01 0 03 0 19
... ... ... ...
100% PO. 3.42 1.26 0.55 1 37 2.05 3 06 0 36 0 23 3.19
n butyl 90%P.O. +J0% B 1.32 0.47 0.20 0.51 0.81 1.09 0 23 0.13 1.19
Acetate
80%PO. + 20%B 0.89 0.31 0.13 0.34 0.55 0.69 0.20 0.09 0,80
70%P.O. + 30%B 0.40 0.13 0.05 0,13 0 27 0.24 0.16 0.05 0.35
t00%B 0.23 0.03 0.01 0.03 0.20
... ... ... —
' H-Benzcne.
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loss (rj^')»resultant microwave viscosity (r /^ )  are decreasing 
with dilution of RO and benzene mixture. The viscosity loss at 
microwave frequencies (77^ ) and total viscosity loss (77'^) are 
also decreasing from P.O to benzene. The total viscosity loss 
(77) )  is much larger for pure paraffin oil for both the polar solutes 
investigated. These results are consistent with our earlier studies 
on pyridine, quinoline, bromo-benzene and iodo-benzene in the 
mixture of P.O and benzene f20].
Similarly, the values of storage modulus (G ') are 1.28-0.03 
dyne/cm^ 1.26-0.03 dyne/cm^ loss modulus(G ") are 0.45-0.01 
dync/cm^, 0.55-0.01 dyne/cm“, resultant microwave modulus of 
rigidity (G^) are 1.31-0.03 dyne/cm^ ,1.37-0.03 dyne/cm^ 
modulus of rigidity loss (G^) are 2.78-0.19 dyne/cm^, 2.05-0.20 
dyne/cm^ and total modulus of rigidity loss (G^') arc 3.74-0.32 
dyne/cm^, 3.06-0.24 dync/cm^ calculated by using extrapolation 
method and values of (G^"') are 3.91-0.44 dyne/cm^, 3.19-0.35 
dyne/cm* as calculated by using modified equations of ethyl 
acetate and n-bulyl acetate for different concentration of P.O 
and benzene mixture. They are reported in Table 2. It has been 
observed from Table 2 that storage modulus (O'), loss modulus 
(C"), and resultant microwave modulus of rigidity (G^) are 
decreasing with the dilution of P.O and benzene mixture. The 
modulus of rigidity loss (G^) at microwave frequencies and total 
modulus of rigidity loss (G^0» "') are also decreasing from
P.O to benzene. The modulus of rigidity (G^) values for these 
compounds earlier [11] is also decreasing with dilution of p.o 
and benzene. There are considerable differences in the calculated 
values of total viscosity loss ( 77^ ), (77^ .) and modulus of rigidity 
loss (G J, (G /^) ,  and (G^"). It means that some other viscous 
losses are present at microwave frequencies. Therefore, we 
propose equation (16) to explain the discrepancy in viscosity at 
microwave frequencies. The polar molecules execute damped 
oscillatory motion in viscous medium of P.O and benzene.
The rate of increase of relaxation time ( t ) is very slow as 
compared to the increase in the observed static viscosity ( )  
of the solvent. The plots of log r  vs log rj' and log r  vs log rj" 
deviates considerably from linearity. However the plots of rf 
vj 77' have been found to be linear as reported in Figure 1,2,3 for 
both the molecules ethyl acetate and n- butyl acetate in P.O. and 
benzene mixture. It is similar to log r vs log rj ^  plots as reporied 
earlier [111 for these molecules. The deviation from lineituy is 
interpreted in terms of viscosity losses present at microwave 
frequencies. The complex vi.scosity (77* ) and complex iheai 
modulus of rigidity (G* ) observed in ethyl acetate and n-b\ityl 
acetate in highly viscous medium of P.O and benzene mixture is 
consistent with earlier observation [26-28] on polymers. The 
complex viscosity (77*) in paraffin oil is due to presence o(
1 60 2 00
12 88T Ethyl Acetate
1278-
T 12C
s
12.58 
1248 
12 38
Figure 2. Variation of log r vs log rj"
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polymerization of anthracene ring present in paraffin oil [24]. 
The difference in the viscosity loss is due to damped oscillatory 
niotion of polar molecules in the viscous medium. A hypothetical
( 1 3 ]  K  G u r u r a j ,  K a l l i h a l ,  R  L  P a t i l .  S  N a r a y a n  a n d  K  R a o  /nd ian J. 
Pure A pp i Phys. 2 2  1 0 0  ( 1 9 8 4 )
[ 1 4 ]  O  V  S in g h  Ind ian J. Pure A p p i Ph\A. 2 2  2 8 3  ( 1 9 8 4 )
a] (16) has been proposed to represent the viscous losses at 
microwave frequencies. These results are consistent with our 
eiirlicr studies on pyridine, quinoline, bromobenzene and 
lodobenzene at different concentrations of P.O and benzene 
mixture as solvent [20J.
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